immunoglobulin G (Barrett, 1977; Schwartz & Bird, 1977) . It is also reported that cathepsin B inactivates three intracellular enzymes, glucokinase, pyruvate kinase and fructose-bisphosphate aldolase (EC 4.1.2.13) (Otto, 1971; Davidson & Poole, 1975) , whereas many other intracellular enzymes are not inactivated (Otto, 1971) . Nakai et al. (1978) in a brief report, identified a single dipeptide, Ala-Tyr, released during digestion of aldolase by cathepsin B, which caused aldolase inactivation. We report here that cathepsin B acts as a peptidyldipeptidase with aldolase as substrate, i.e., there is a sequential cleavage of dipeptides from the C-terminus of the aldolase subunit. Cathepsin B cleaves up to nine dipeptides from the C-terminus and does not readily degrade the native protein further. The present work, taken together with the finding that cathepsin B also degrades glucagon by a peptidyldipeptidase action (Aronson & Barrett, 1978) , indicates that this type of limited degradation may be an important general aspect of the action of cathepsin B on protein substrates.
Experimental
Rabbit muscle aldolase was purchased from (1973) . Cathepsins H and L from rat liver were the gift of Dr. Heidrun Kirschke (see Kirschke et al., 1977a,b) . The specific activities and purities of the four lysosomal proteinases were as described previously (Barrett, 1973; Kirschke et al., 1977a,b) . Dipeptide standards were purchased from Sigma or from Chemalog (South Plainfield, NJ, U.S.A). Leupeptin-Pr (the N-propionyl form of leupeptin) was the gift of Prof. H. Umezawa, Tokyo, Japan. Gel chromatography was done with Ultrogel AcA 34 acrylamide-agarose beads (LKB Instruments, London, U.K. Gray (1972) . Dansyl peptides and amino acids were extracted from reaction mixtures with ethyl acetate, dried and then dissolved in small quantities of 0.1 M-pyridine acetate, pH 5.0, for electrophoresis or chromatography. Dansyl derivatives were subjected to high-voltage electrophoresis on Whatman no. 1 paper (42cm x 20cm) in pyridine/acetic acid/water (7:8: 1000, by vol.), pH4.5, for 20min at 66 V/cm.
The high-voltage electrophoresis apparatus was from CAMAG (Muttenz, Switzerland). Dansyl amino acids were also analysed by two-dimensional thin-layer chromatography (Metrione, 1978) . Polyamide sheets (Cheng Chin Trading Co., Taiwan) were cut into 4.5 cm x 4.5 cm sections. Samples were chromatographed first with 90% formic acid/water (3:200, v/v) . The sheet was dried, turned through 900 and then chromatographed in ethyl acetate/ ethanol/conc. aq. NH3 (20:5: 1, by vol.). The sheets were examined by u.v. light and the fluorescent spots were compared to those of dansyl amino acid standards (BDH Chemicals, Poole, Dorset, U.K.).
Peptides were separated by chromatography on Amberlite AG5OW (X2: 200-400 mesh, from Bio-Rad, Watford, Herts, U.K.). The column (1 cm x 18 cm) was equilibrated with pyridine acetate (0.2M, pH3.1). The peptides were eluted with a gradient of 110ml of 2M-pyridine acetate, pH5, flowing into a mixing chamber with 60 ml of 0.2 M-pyridine acetate, pH 3.1 (Schroeder, 1972) . Eluted fractions contained 1.6 ml/tube; the flow rate was 12 ml/h. Peptides were also separated by ascending paper chromatography. Samples were spotted on Whatman No. 1 paper, 1 cm from the bottom of a sheet 25cm high x 57cm wide and chromatographed with n-butanol/acetic acid/water (40:6:15, by vol.). After air drying, the chromatograph was sprayed lightly with ninhydrin [1% (w/v) Cathepsin B (5pg) was activated by incubation with 2 mM-cysteine at 220C for 5 min in 0.5 ml of sodium phosphate buffer (0.1 M) containing I mM-EDTA, pH 6.1. The incubation was continued for another 5 min in the presence or absence of leupeptin (5 pg). Aldolase (lOO,g) was then added to the mixture and incubation continued at 220C. The total volume of the incubation mixture was 0.51 ml. Portions of the incubation mixture (20pl) were removed at the times indicated and assayed for aldolase activity.
able agreement with published data and the effect of cathepsin B is to decrease the ratio. Carboxypeptidase A has a very similar effect (Drechsler et al., 1959) .
The subunit molecular weight of aldolase was decreased only slightly, if at all, by cathepsins B or L (Fig. 3 ). In addition, no significant fragmentation of aldolase subunits was detected when the concentration of cathepsin B was increased 60-fold, the The thiol proteinases (cathepsins B, L, H and papain) were activated by incubating with 2mm-cysteine as described in the legend to Fig. 1 . Cathepsin B was present in the incubation mixture at 3,ug/ml, cathepsin L at 14,ug/ml, cathepsin H at 20,ug/ml, papain at l,ug/ml and cathepsin D at 40,ug/ml. Aldolase (lOOpg) was then added to the incubation mixture (total volume, 0.51 ml; temperature 220C). Portions (20, ul) were removed at the times indicated and assayed for aldolase activity. Initial activity, measured lOs after addition of aldolase, was not affected by any of the proteinases except papain. For mixtures containing papain, initial activity was taken as that in incubation mixtures containing carboxymethyl-inactivated papain. dithioerythritol, in a total volume of 1.1 ml. Samples were assayed for aldolase activity; the mixture containing active cathepsin B had 16% of the aldolase activity compared to the control. The incubation mixtures (1 ml) were applied to an Ultrogel AcA 34 column equilibrated with 10mM-sodium phosphate buffer, pH7.2, containing 0.3M-NaCl and calibrated with Blue Dextran (mol.wt. 2 x 106), sheep immunoglobulin G (mol.wt. 150000) and K3Fe(CN)6 (mol.wt. 329); the A280 of the effluent was monitored. The elution profiles of active and inactivated aldolase were superimposable, indicating that each had a mol.wt. of about 160000 and that the action of cathepsin B had not resulted in the separation of subunits.
In a further experiment, the subunit interactions of aldolase were examined by treatment of the inactivated sample, and active control, with 10mM-glutaraldehyde, pH 8.5, for 60 min at 200 C. Sodium dodecyl sulphate/polyacrylamide-gel electrophoresis (Fig. 4) (Table 2) were corrected for the small quantities of amino acids found in control incubation mixtures containing inactive cathepsin B. The 10 amino acids found (Table 2) are those comprising the C-terminal 19 residues of rabbit muscle aldolase A (Lai, 1975) . The last 20 residues are: chromatography nor electrophoresis gave a clearenough separation of aspartate and glutamate, or isoleucine and leucine to show beyond doubt that all four amino acids were present as their dansylated derivatives. All five of the dansyl amino acids tentatively identified would be expected if dipeptides were released from the C-terminus of aldolase (the numbers represent the expected dipeptides): In an attempt to obtain more conclusive evidence as to the formation of dipeptides, the peptides were partially separated on an Amberlite AG5OW column -Pro-Ser-Gly-Gln-Ala-Gly-Ala -Ala-Ala-Ser-Glu-Ser-Leu-Phe -Ile-Ser-Asn-His-Ala-Tyr
In several experiments proline, the twentieth amino acid from the C-terminal end, was never found in peptides released from aldolase. This is also significant in that proline is the N-terminal amino acid of the aldolase 40000-mol.wt. subunit, so it is clear that no fragments had been released from the N-terminus. Several lines of evidence indicated that dipeptides were released by the action of cathepsin B. One indication of this came from an experiment in which ninhydrin-reactive material was measured before and after acid hydrolysis of the peptides (Table 3) . The ninhydrin colour almost doubled after hydrolysis. Since peptides and amino acid differ somewhat in their colour yield with nin,lydrin, an exact doubling was not expected, but the results were in good agreement with the idea that the amino acid residues were in dipeptides.
Peptides were dansylated, acid-hydrolysed and the dansyl amino acids were identified by comparison to standards after two-dimensional chromatography on polyamide sheets, or after high-voltage electrophoresis. Control experiments in which aldolase was incubated with carboxymethylated cathepsin B revealed no detectable release of peptides or dansyl amino acids. The dansyl derivatives of alanine, aspartate and/or glutamate, and isoleucine and/or leucine were found after incubation of aldolase with activated cathepsin B (Fig. 5) . Neither Vol. 189 Table 2 . Amino acids in peptides releasedfrom aldolase by cathepsin B Aldolase (10mg), previously dialysed against 0.1 M-pyridine acetate pH 6.0, and cathepsin B (0.3mg), activated with 2mM-dithioerythritol, were incubated in O.1M-pyridine acetate buffer, pH6.0, for 2h at 230C in a total volume of lml. The mixture was then passed through a Sephadex G-25 column (10 ml bed volume) equilibrated with 0.1 Mpyridine acetate buffer, pH7.0. The A280 of eluted fractions indicated that proteins were eluted at 30-36% of the bed volume and another peak of smaller molecules was eluted at 65-80% of the bed volume. Portions of the eluted fractions were also analysed for ninhydrin-positive material. Ninhydrinpositive material was found in tubes at 55-80% of the bed volume; the contents of tubes in this region were pooled and dried in a rotary evaporator. The dried material was hydrolysed in 6 M-HCl containing 1% phenol at 1050C for 24h and was analysed for amino acid content. The results are expressed as nmol of amino acid released from the equivalent of 4mg (or 100nmol) analysed in two ways: (a) portions were acidhydrolysed and analysed for amino-acid content directly, and (b) portions were chromatographed on paper and peptides eluted from the paper were hydrolysed for amino-acid analysis (Table 4) . Samples C and D were the simplest in that only alanine and tyrosine in equimolar quantities were present, and only one spot was present on paper before hydrolysis. Ala-Tyr is dipeptide 1 at the C-terminus of aldolase. Sample E contained aspartate, histidine, leucine, and phenylalanine, and after paper chromatography, two spots were evident: the fastest moving spot was Leu-Phe (dipeptide 4) and the slow moving spot was Asn-His (dipeptide 2). Sample B contained alanine, serine, isoleucine, glutamate and glycine, and upon paper chromatography two spots were observed. One spot contained only alanine, and moved exactly as Ala-Ala, dipeptide 7. The faster-moving and more diffuse ninhydrin-reactive spot from sample B contained alanine, serine, isoleucine, glutamate and glycine. This is a mixture of peptides probably containing Ile-Ser, dipeptide 3, and possibly Ala-Ala and Gly-Gln (peptides 7 and 9). Sample A contained alanine, serine and glutamate, and after paper chromatography, one major spot appeared. One possible explanation is that the spot was an unresolved mixture of Ala-Ser (peptide 6) and Glu-Ser (peptide 5). In summary, the peptide column chromatography and subsequent paper chromato- Table 4 . A mino acid composition offractions A-E elutedfrom an A GSO W column: total amino acid content offractions and ainino acid content ofpeptides eluted after paper chromnatography offractions Fractions containing ninhydrin-positive material and indicated by arrows in Fig. 6 (samples A-E) were divided in two portions. One portion was dried in vacuo, hydrolysed with 6M-HCI containing 1% phenol at 105°C for 48 h, and analysed for amino acid content. The other portion was rotary evaporated and the content was dissolved in 20,ul of pyridine acetate, pH 5, 0.2 M. Samples (10lp) of these tubes were spotted on paper and chromatographed.
Ninhydrin-positive spots were cut out, eluted from the paper, hydrolysed, and analysed for amino acid content. The peptide sequences were deduced from the ratios of amino acids in eluted spots and the known structure of the aldolase subunit. Four standards (Ala-Tyr, Leu-Phe, Ala-Ser, Ala-Ala; 20nmol of each) were chromatographed concomitantly with samples eluted from the AGSOW column.
After paper chromatography:
, graphy allowed positive identification of Ala-Tyr, Asn-His, Leu-Phe, and Ala-Ala, dipeptides 1, 2, 4 and 7 from the C-terminus of aldolase. To determine whether dipeptides were released sequentially, aldolase was incubated with cathepsin B, portions of the incubation mixture were removed at fixed times and the rate of release of dipeptides was determined (Fig. 7) . It is clear that there is a sequential release of the first four dipeptides. No attempt was made to quantify the rate of release of the other peptides released because of the small amounts released and the fact that, other than dipeptide 7 (Ala-Ala), dipeptides 5, 6, 8 and 9 were not clearly resolved in the one-dimensional chromatographic system.
Purified preparations of two other intracellular enzymes were also tested as substrates for cathepsin B: rabbit liver fructose 1,6-bisphosphatase (EC 3.1.3.11) and mitochondrial and cytosolic forms of Vol. 189 pig heart glutamate-aspartate transaminase (EC 2.6.1.1). Cathepsin B had no effect on the catalytic activities or subunit molecular weights of the phosphatase or transaminases and did not cause release of dipeptides.
Discussion
We have found that human cathepsin B degrades aldolase by a peptidyldipeptidase action, cleaving dipeptides sequentially from the C-terminus. This is the first report of such activity of cathepsin B on a protein substrate. Taken together with evidence for such action on the polypeptide glucagon (Aronson & Barrett, 1978) , the results suggest that peptidyldipeptidase action may be a major aspect of the way in which cathepsin B degrades specific pro- teins.
The specificity of cathepsin B for the cleavage of (6) Glu-Ser (5) Ala-Ala (7) Ser (48) Ala (38) Glu (13) Ala (60) Ser (16) Ile (13) Glu (5) Gly (4) Ala (52) Tyr (49) Ala ( Ile-Ser (3) Ala-Ala (7) Gly-Gln (9) Ser (45) Ala (29) Glu (15) Ala (98) Ser (37) Ile (23) Ala (16) Gly (14) Glu (10) Ala (45) Tyr (55) Ala (48) Tyr (52) Asp (45) His (55) Leu (46) Phe ( bonds on the carboxyl side of pairs of arginine residues that is evident with low-molecular-weight synthetic substrates was first reported for the bovine enzyme (McDonald & Ellis, 1975) , and has since been confirmed for human cathepsin B (C. G. Knight, W. N. Schwartz & A. J. Barrett, unpublished work) . This specificity raised the possibility that cathepsin B was responsible for the cleavage at pairs of basic amino acid residues that is so characteristic of processing of proteins and generation of polypeptide hormones (Geisow, 1978) . In order to determine whether cathepsin B would also cleave at dibasic sequences in polypeptides, Aronson & Barrett (1978) examined the action of the enzyme on glucagon. There was no detectable cleavage at the Arg(17)-Arg(18) sequence, but instead cathepsin B cleaved dipeptides sequentially from the C-terminus. This action had been quite unexpected, and it was not clear to what extent it was dictated by the structure of the substrate, although it seemed significant that the related proteinase, papain, was known to degrade glucagon quite differently. It was confirmed that both bovine and rat cathepsin B acted similarly to the human enzyme.
Studying the action of carboxypeptidase A on aldolase, Drechsler et al. (1959) showed that removal of the C-terminal tyrosine residue resulted in 93% loss of activity against fructose 1,6-bisphosphate, but a slight increase in activity against fructose 1-phosphate. Our own findings for the effect of cathepsin B on the catalytic activity of aldolase are closely similar, and it seems very probable that the removal of the first C-terminal dipeptide, Ala-Tyr, accounts for the change in activity. In fact, during the course of our work, Nakai et al. (1978) published a brief report attributing the inactivation of aldolase by rabbit cathepsin B to removal of the C-terminal dipeptide. The results of the Japanese workers indicate that only the first dipeptide was released by the rabbit enzyme, however, and this is in complete contrast to our own findings with human cathepsin B.
The endopeptidase activity of cathepsin B is, of course, well established (Barrett, 1977) , but this may be dependent on the substrate, and has normally been observed in work with much higher concentrations of cathepsin B than are required to show peptidyldipeptidase activity. Since cathepsin B exists in lysosomes in very high concentration (approximately 1 mM; Dean & Barrett, 1976 ) the enzyme would be expected to show potent endopeptidase activity in that location, whereas trace concentrations of the enzyme elsewhere in the cell might show only peptidyldipeptidase activity.
In addition, cathepsin B may bring about highly selective cleavages at certain dibasic sequences during the post-translational processing of some proteins (Quinn & Judah, 1978) . Geisow (1978) has shown that the sensitivity of such bonds to cleavage is correlated with location outside a-helical regions, often near reverse turns, in the secondary structure of the polypeptides.
Cathepsin B exists in lysosomes together with the related thiol proteinases, cathepsins H and L. Cathepsin H did not inactivate or affect the sodium dodecyl sulphate/polyacrylamide-gel pattern of aldolase even at 10-fold higher concentrations than were used for cathepsin B. In contrast, cathepsin L seemed to act on aldolase in a very similar way to cathepsin B (Kirschke et al., 1977a , and the present work). It has become common to use the inactivation of aldolase as a criterion for the identification of cathepsin B. However, it is important to recognize that cathepsin L shares this activity.
The discovery that cathepsins B and L readily inactivate aldolase by very limited proteolysis may necessitate re-examination of some earlier work on the occurrence of inactive forms of aldolase in tissues of senescent animals (e.g. Gershon & Gershon, 1973; Anderson, 1974) . In such work, tissues were homogenized in media containing EDTA and mercaptoethanol, in which the thiol proteinases could have been active, producing catalytically inactive molecules retaining immunological cross-reactivity and much of the normal primary structure. Such forms may be formed in vivo or in vitro, but would clearly be quite different from the 'error proteins' sometimes supposed to accumulate in aging. In fact, Petell & Lebherz (1979) have evidence indicating that 'defective' liver aldolase molecules are produced during storage of livers from old mice rather than being produced in liver cells in vivo. The 'defective' or inactive forms of aldolase did not have C-terminal tyrosine residues, and the 'non-defective' enzyme does, and inactivation could be completely eliminated by addition of phenylmethylsulphonyl fluoride and leupeptin during tissue homogenization. Our work would indicate that cathepsins B or L might very well be responsible for the limited proteolysis associated with 'defective' aldolase molecules.
